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In this paper we show that spinel ferrite nanocrystals (NiFe204, and CoFe204) can be texturally 
embedded inside a ZnO matrix by ion implantation and post-annealing. The two kinds of ferrites 
show different magnetic properties, e.g. coercivity and magnetization. Anomalous Hall effect and 
positive magnetoresistance have been observed. Our study suggests a ferrimagnet/semiconductor 
hybrid system for potential applications in magneto-electronics. This hybrid system can be tuned by 
selecting different transition metal ions (from Mn to Zn) to obtain various magnetic and electronic 
properties. 



I. INTRODUCTION 

Spinel ferrites are materials with rich magnetic and 
electronic properties^. As bulk materials, they can be 
half-metallic (such as Fe304) or insulating (most spinel 
ferrites), ferrimagnetic (most spinel ferrites) or anti- 
ferromagnetic (ZnFe204). Insulating ferrites (such as 
NiFe204 and ZnNiFe204) are usually referred to as mag- 
netic insulators. These kinds of materials are technolog- 
ically important with various applications as permanent 
magnets, microwave devices, and magnetic recording me- 
dia. Physically the magnetic and electronic properties 
of spinel ferrites are determined by the cation distribu- 
tion among the tetrahedral (A) and octahedral (B) sites. 
The growth of low-dimensional spinel ferrites of both thin 
films and nanoparticles has shown the possibility to tune 
the cation distribution, therefore resulting in magnetic 
and electrical properties drastically different from bulk 
materials. Liiders et al. have shown that the conductiv- 
ity of NiFe204 thin films can be tuned over five orders of 
magnitude by varying the growth atmospherfl. The sites 
of Fe'^+ can be changed from A to B sites in ZnFe204 
nanoparticles, resulting in ferrimagnetisirP. Geiler et 
al. proposed a method to design and control the cation 
distribution in hexagonal BaFei2-a;Mn2;Oi9 ferrites at an 
atomic scale, which results in the increase of magnetic 
moment and Neel temperatur^. Moreover, most of tran- 
sition metals (TM) can form solid solutions with Fe304, 
resulting in TM2;Fe3_a;04 spinel alloys with x ranging 
from to 1, which provides an additional degree of free- 
dom to tune their magnetic and electronic properties—^. 
In previous research, anomalous Hall effect and magne- 
toresistance have been found in spinel ferrite thin films 
or granules at room temperature, demonstrating spin- 
polarization of free carriers. Moreover, ferrite thin films 
NiFe204 and CoFe204 with different conductivities have 
been demonstrated to be useful as electr odes or spin- 
filter in magnetic tunnel junction^^HUlIIol However, to 
our knowledge, very limited effort has been spent to in- 



tegrate ferrite oxides with semiconductors. The growth 
of ferrite oxides requires high temperatures and oxygen 
environment, which is detrimental to conventional semi- 
conductors like Si and GaAs"^. This explains why oxide 
insulators such as MgO, AI2O3, and SrTi03 are mostly 
used as the substrates to grow ferrite oxideJ^^l. In this 
paper, we show that TMFe204 nanocrystals (TM=Ni, 
Co) can be embedded inside ZnO, and we present a sys- 
tematic study on their magnetic, electronic, and trans- 
port properties. The various ferrites with different mag- 
netic properties synthesized inside a semiconducting ma- 
trix open a new avenue for fabricating hybrid systems. 



II. EXPERIMENTS 

We utilize different methods to characterize the fer- 
rite/ ZnO hybrid systems. The aim is to show the simi- 
larity in structure, but variability in magnetic, electronic 
and magneto-transport properties. 

Commercial ZnO (0001) single crystals with the thick- 
ness of 0.5 mm from Crystec were co-implanted with ^^Fe 
and Ni or Co ions at 623 K with a fluence of 4 x 10^^ 
and 2 x 10^^ cm^^, respectively. The implantation en- 
ergy was 80 keV for all three kinds of elements. This 
energy resulted in the projected range of Rp = 38, 37, 37 
nm, and the longitudinal straggHng of Ai?p — 17, 17, 17 
nm, respectively, for Fe, Co, and Ni. Therefore, the im- 
planted Fe ions are in the same range as the Co and Ni 
ions. The maximum atomic concentration is about 10% 
and 5% for Fe and Ni(Co), respectively (TRIM code"). 
The maximum implanted depth is around 80 nm (around 
5% of the maximum concentration) from the surface. 
Annealing was performed in a high vacuum (base pres- 
sure <10^^ mbar) furnace at 1073 K for 60 minutes. In 
our previous study we have performed detailed anneal- 
ing investi gation f or transition metal implanted ZnO sin- 
gle crystalPSEU. Briefly, more metallic clusters formed 
when annealing at mild temperatures (823 K or 923 K), 



2 



while the oxidation starts at around 1073 K. Keeping this 
high temperature, a longer annealing time results in the 
formation of ferrites in Fe implanted ZnO. 

Magnetic properties were measured with supercon- 
ducting quantum interference device (SQUID, Quantum 
Design MPMS) magnetometery. The samples were mea- 
sured with the field along the sample surface. The tem- 
perature dependent magnetization measurement was car- 
ried out in the following way. The sample was cooled in 
zero field from above room temperature to 5 K. Then a 
50 Oe field was applied, and the zero-field cooled (ZFC) 
magnetization curve was measured with increasing tem- 
perature from 5 to 350 K, after which the field-cooled 
(FC) magnetization curve was measured in the same field 
from 350 to 5 K with decreasing temperature. 

Structural analysis was performed by synchrotron radi- 
ation x-ray diffraction (SR-XRD) and transmission elec- 
tron microscopy (TEM, FBI Titan). SR-XRD was per- 
formed at the Rossendorf beamline (BM20) at the ESRF 
with an x-ray wavelength of 0.154 nm. The cross-section 
specimen for TEM investigation was prepared by the con- 
ventional method including cutting, glueing, mechanical 
polishing, and dimpling procedures followed by Ar+ ion- 
beam milling until perforation. The ion-milling was per- 
formed using a " Gatan PIPS" . The milling parameters 
were: 4 keV, 10 /iA ion current at milling angle of 4° with 
respect to the specimen surface. The area around the 
hole is electron-transparent (thickness<100 nm). 

Element-specific electronic properties were investi- 
gated by X-ray absorption spectroscopy (XAS) and X- 
ray magnetic circular dichroism (XMCD) at the Fe, Co 
and Ni l-i2,3 absorption edges. These experiments were 
performed'at beamlines 8.0.1 (XAS) and 6.3.1 (XMCD) 
of the Advanced Light Source (ALS) in Berkeley, respec- 
tively. Both total electron yield (TEY) and total fluo- 
rescence yield (TFY) were recorded during the measure- 
ment. While TFY is bulk sensitive, TEY probes the 
near-surface region. For XMCD, the measurement was 
done at the minimum achievable measurement tempera- 
ture of 23 K in TEY mode. A magnetic field of ±2000 
Oe was applied parallel to the beam. The grazing angle 
of the incident light was fixed at 30° with respect to the 
sample surface. 

Conversion electron Mossbauer spectroscopy (CEMS) 
in constant-acceleration mode at room temperature (RT) 
was used to investigate the Fe lattice sites, electronic con- 
figuration and corresponding magnetic hyperfine fields. 
The spectra were evaluated with Lorentzian lines using 
a least squares fiil^^. All isomer shifts are given with 
respect to a-Fe at RT. 

Magnetotransport properties were measured using Van 
der Pauw geometry with a magnetic field applied per- 
pendicular to the film plane. Fields up to 60 kOe were 
applied over a wide temperature range from 5 K to 290 
K and the carrier concentration and the majority carrier 
mobility were extracted. 
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FIG. 1: SR-XRD 28-6 scan revealing the formation of 
NiFe2 04 and CoFe2 04 in (Ni, Fe) or (Co, Fe) co-implanted 
ZnO. In both pattern, the diffraction peaks of (111), (222), 
(333) and (444) from ferrites are clearly visible. The diffrac- 
tion peaks (0002) and (0004) from ZnO are also indicated. 
The small and sharp peaks at the left side of CoFe204(lll) 
and the right side of NiFe2 04(111) cannot be identified at this 
stage. The peak at the left side of CoFe204(lll) could be the 
forbidden peak of ZnO(OOOl), which appears due to the lat- 
tice damage. However, another forbidden peak of ZnO(0003) 
does not show up. Note that the two peaks in the two spectra 
are not at the same angular position, and both correspond to 
very large lattice distances. Some noise-like peaks are also 
shown in other papei^ and could not be identified. 



III. RESULTS AND DISCUSSION 
A. Structural properties 

1. X-ray diffraction 

Figure [T] shows the SR-XRD patterns for the annealed 
samples. Besides the strong peaks from ZnO(0002) and 
(0004), four small peaks arise for each sample. They are 
assigned to (111), (222), (333) and (444) diffractions for 
NiFe204 and CoFe204, respectively. This imphes that 
these nanocrystals are (111) textured inside the ZnO ma- 
trix. However, some nanocrystals with (400) orientation 
have been also observed by TEM as shown below. The 
crystallite size is estimated using the Scherrer formulaP^. 

d= 0.9A/(/3-cos6'), (1) 

where A is the wavelength of the X-ray, 6 the Bragg an- 
gle, and P the FWHM of 29 in radians. The average 
crystallite size is deduced to be around 12 nm and 15 nm 
for NiFe204 and CoFe204 nanocrystals, respectively. 



2. TEM 

In order to confirm the formation of ferrite nanocrys- 
tals, high resolution cross-section TEM was performed 
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FIG. 2: Cross-section TEM image of Fe and Ni co-implanted 
ZnO after annealing (a) bright field and (b) dark field. 

on selected samples. Fig. [2]ja) displays the bright-field 
TEM images. In an overview, there are three features. 
The grains of secondary phases are located in the surface 
region, which are identified as NiFe204. Some planar ex- 
tended defects are indicated by arrows, and are parallel to 
the basal plane of the ZnO wurtzite structure in a depth 
of around 60 nm. These extended defects are caused by 
ion implantation in ZnCp^l and are usually populated at 
the end of the ion range. The third feature is the dark- 
spot, which is also located in the depth of unimplanted 
ZnO. The formation of NiFe204 at the near-surface depth 
is also confirmed by the dark-field TEM image as shown 
in Fig. ^h) of the same area of Fig. [2|a). The out- 
diffusion of Fc upon annealing at high temperatures has 
been observed in ZnO^° as well as in Ti02^^. 

Using high resolution TEM we identified the secondary 
phase to confirm the XRD results. As shown in Fig. [Sja), 
the sample was tilted in order to have a better view on the 
nanocrystals. Note that the lattice planes are more clear 
in the nanocrystals than that in the ZnO substrate. The 
inset of Fig. |3|a) is the Fast Fourier Transform (FFT) 
of the image indicated by a square. The FFT clearly 
shows the cubic-symmetry of the nanocrystal. The two 
sets of lattice spacings amount to 0.291 nm and 0.207 
nm, and correspond to NiFe2O4(220) and (004), respec- 
tively. Concerning the orientation between NiFe204 and 
the ZnO matrix, XRD in general provides the integral 
information over a large area of the sample, while TEM 
is a rather localized method. By high resolution TEM, 
we found some grains with [111] orientation as shown in 
Fig. [Sj^b). By FFT two sets of lattice planes are identified 
to NiFe204{lll}. One is parallel with the sample sur- 
face, while the other is around 71° away from the surface 
[ZnO(OOOl)]. This is in agreement with a fee structure of 




FIG. 3: High resolution TEM image for representative 
NiFe2 04 nanocrystals. (a) the specimens is tilted by 11°. 
NiFe2 04 nanocrystal is identified. The black lines guide the 
eyes to show the cubic symmetry of the secondary phase, 
(b) Another NiFe2 04 nanocrystals with the orientation of 
(lll)IIZnO(OOOl) as confirmed by FFT patterns. The clearly 
visible planes are NiFe204(lll) with an angle of ~ 71° from 
the surface. In FFT patterns the dashed lines indicate the 
sets of lattice planes. 



NiFe204. However there are also some grains with [001] 
orientation, e.g. the one in Fig. |3ja). One also can see 
some moire fringes in the ZnO part due to the overlap of 
NiFe204 and ZnO. 

Note that the NiFe204 grains (see Fig. |2| are as large 
as 20-40 nm, and larger than the values determined from 
XRD. However, one grain does not have to correspond 
to one NiFe204 nanocrystal. On the other hand, in the 
dark-field image all the grains show similar sizes as that 
in the bright field. This is due to the fact that these 
nanocrystals are well oriented. By high resolution TEM 
we examined more than 10 nanocrystals in different areas 
of the specimens. Their diameters are in the range of 10- 
20 nm, which is in a qualitative agreement with the XRD 
measurement. 



B. Magnetic properties 

By structural analysis, we have shown the formation 
of NiFe204 and CoFe204 nanocrystals inside the ZnO 
matrix. In this section, we will compare their magnetic 
properties. Fig. [4]shows the hysteresis loops measured at 
5 K. The differences between NiFe204 and CoFe204 are 
significant. At 5 K, the coercivity of CoFe204 is 1900 Oe, 
and much larger than the coercivity of NiFe204 amount- 
ing to 280 Oe, i.e. one is a hard magnet, and the other 
is a soft one. For comparison the saturation magne- 
tization of bulk crystals is also indicated in Fig. |4] 
NiFe204 nanocrystals have a slightly larger value than 
bulk NiFe204, and a smaller value for CoFe204 nanocrys- 
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FIG. 4: Hysteresis loops measured at 5 K for NiFe2 04 and 
CoFe2 04 nanocrystals. They show drastic difference in coer- 
civity field. 



tals. This could be due to the cation site exchange be- 
tween Ni^+ (Co'^+) and Fe^+ and will be discussed in 
section |III C[ However, another possibility is that there 
is a mixture of Ni^+ and Fe^+ at tetrahedral sites result- 
ing in (Ni,Fe)Fe204 (Nii_a;Fe2+x04). The magnetization 
for bulk Fe304 is 4.1 /i^ per formula unit. To verify this, 
one needs to perform a precise local Fe, Ni(Co) concen- 
tration measurement. We performed an electron energy- 
loss spectroscopy (EELS) analysis to profile the compo- 
sition of the ferrite nanocrystals during the TEM mea- 
surements. We could not probe an elementally resolvable 
EELS signal possibly due to the similar atomic number 
of the embedding ZnO matrix and the ferrite, given the 
complex element types (Fe, Co/Ni and Zn) within the 
probe area. Macroscopically, the appearance of Fe, Co, 
Ni is clearly revealed by x-ray absorption as shown later 
in Sec. [HI C| In literature the application of EELS in 
similar cases (embe dded na nocrystals) is mainly for qual- 
itative investigatioEpSESMl^ On the other hand, exposing 
the nanocrystals to the electron beam for a longer time 
results in a heavy beam damage and contamination of 
the specimens, as well as the structural modification of 
the nanocr ystald^. 

Fig. [s] shows the temperature dependent saturation 
magnetization and coercivity. One sees clearly that the 
coercivity decreases exponentially with increasing tem- 
perature. This is expected for a magnetic nanoparticle 
system. According to the Stoner-Wohlfarth theorjJ^Sl^ the 
magnetic anisotropy energy E^i of a single domain parti- 
cle can be expressed as: 



Ea ^ KVsin^e, 



(2) 



where K is the magnetocrystalline anisotropy constant, 
V the volume of the nanoparticle, and 9 is the angle be- 
tween the magnetization direction and the easy axis of 
the nanoparticle. This anisotropy serves as the energy 
barrier to prevent the change of magnetization direction. 
When the size of magnetic nanoparticles is reduced to a 
critical value, E^ is comparable with thermal activation 
energy, fcsT, the magnetization direction of the nanopar- 
ticle can be easily moved away from the easy axis by ther- 
mal activation and/or an external magnetic field. The 



coercivity of the nanoparticles is closely related to the 
magnetic anisotropy. At a temperature below blocking 
temperature Tg, the coercivity corresponds to a mag- 
netic field which provides the required energy in addition 
to the thermal activation energy to overcome the mag- 
netic anisotropy. As temperature increases, the required 
magnetic field (Hp) for overcoming the anisotropy de- 
creases. At the temperature of K, where all the mag- 
netic moments are blocked, the coercivity is equal to the 
value for single domains. At a high enough tempera- 
ture, when all moments fluctuate with a relaxation time 
shorter than the measuring time, coercivity equals zero. 
In the temperatures between the two extremes the coer- 
civity He can be evaluated by the following formulaP^ 



Hr 



Hco[l 



(3) 



where Hco is the coercivity at K, and T^ the block- 
ing temperature. Fig. |5jb) shows a plot of He as a 
function of T^/^. For the NiFe204 system He roughly 
obeys a linear dependence on in the whole measured 
temperature range. The deduced blocking temperature 
lies around 360 K, which is rather close to the value 
found by the ZFC/FC magnetization as shown below. 
The poor fitting for the CoFe204 system may be due to 
the fact that the magnetocrystalline anisotropy energy of 
CoFe204 is much larger (two orders of magnitude) than 
NiFe204. For a similar grain size the blocking temper- 
ature of CoFe204 can be much higher for NiFe204. In 
such a case, the measured temperature range is not large 
enough compared to the high blocking temperature. This 
results in a large error in the fitting. 

Fig. |6] shows the ZFC/FC magnetization curves mea- 
sured at 50 Oe. An irreversible behavior is observed in 
ZFC/FC curves. Such an irreversibility originates from 
the anisotropy barrier blocking of the magnetization ori- 
entation in the nanoparticles cooled under zero field. The 
magnetization direction of the nanoparticles is frozen as 
the initial status at high temperature, i.e., randomly ori- 
ented. At low temperature (5 K in our case), a small 
magnetic field of 50 Oe is applied. Some small nanopar- 
ticles with small magnetic anisotropy energy flip along 
the field direction, while the large ones do not. With 
increasing temperature, the thermal activation energy 
together with the field flips the larger particles. This 
process results in the increase of the magnetization in 
the ZFC curve with temperature. The size distribution 
of nanoparticles, i.e. the magnetic anisotropy is usually 
not uniform in the randomly arranged nanoparticle sys- 
tems. The larger the particles, the higher the Ea, and 
a larger fcsT is required to become superparamagnetic. 
The gradual increase and the small upturn at around 20 
K in the ZFC curves is due to the size distribution of 
nanocrystals. In the ZFC curve for NiFe204 [Fig. |6ja)] 
a broad maximum is observed at around 330 K, while 
for CoFe204 [Fig. [6 a)] no maximum can be seen up to 
350 K. The mean blocking temperature for CoFe204 is 
well above room temperature, which is evidenced also 



5 



(U 



c 

5> 



□ -■- 


and-n- 


Saturation tnagneDzalloii 




"~" 


(a) 


A 


■"^■.^^^ 








^^^^ 






■ 

and - A- CoerclvIV . 






^~-A-_______^ 




— —A- 








100 


200 300 



Temperature (K) 



2500 



2000 



s 



1500" 

1000 1 
o 

500 




2 4 6 8 10 12 14 16 ie 



5, oj 

I 





(a) 


NIFBjO, 




ZFC 





FC 










0.1 



















TentMratm (K) 



Twnpeistura(IQ 



FIG. 6: ZFC/FC magnetization curves measured with a field 
of 50 Oe. (a) NiFe204 and (b) CoFe204. Up to 350 K, no 
ZFC maximum was observed for CoFe2 04. 



amounts to 34 nm. This value, however, is larger than 
that deduced from XRD and TEM measurements. The 
large discrepancy is resulting from the underestimation 
of K by assuming the value of a bulk crystal. K can 
be largely enhanced due to strain, and surface effect in 
NiFe204 nanomagnets, but relatively less enhanced in 
CoFe204'^^. The later has been confirmed in strained 
epitaxial CoFe204 thin film^. 



FIG. 5: (a) Temperature dependent saturation magnetiza- 
tion and coercivity for NiFe2 04 (red solid symbols) and 
CoFe2 04 (black open symbols). The solid lines are guides 
for eyes, (b) The plot of coercivity as a function of T^''^. 



from the rather large coercivity field of 80 Oe at 300 K 
(see Fig. |5|. Note that the ZFC/FC magnetization of 
NiFe204 is much smaller than that of CoFe204. This 
is due to the much larger coercivity field (magnetocrys- 
talline constant K) of CoFe204, which is well above the 
small applied field of 50 Oe. 

Since the blocking temperature is closely related to the 
magnetic anisotropy energy E^, one can evaluate the size 
of nanomagnets by the measured T^. For a dc magneti- 
zation measurement in a small magnetic field by SQUID 
magnetometry, T^ is given by 

KV 

Tb, Squid ~ IZTT, , (4) 

30kb 

where K is the anisotropy energy density, V the particle 
volume, ks the Boltzmann constaniPSl. K is 6.3x 10"^ and 
4.0 xlO^ Jm-3 for bulk NiFeaOi and CoFe204, respec- 
tively, at room temperatur^SMol F)ug ^ its large mag- 
netocrystalline anisotropy the maximum in ZFC curve of 
CoFe204 nanocrystals cannot be seen within the mea- 
sured temperature range. That means the blocking tem- 
perature is much larger than 350 K, which corresponds 
to an average diameter of C0FC2O4 larger than 9 nm 
if assuming the value of K for a bulk CoFe204. For 
NiFe204 nanocrystals, K is much smaller. Therefore, we 
can see a maximum at around 320 K in the ZFC mag- 
netization curve. Using the K value for bulk NiFe204, 
the average diameter of NiFe204 can be calculated and 



C. Electronic configuration 

1. X-ray absorption spectra 

The magnetic properties of 3d transition metal ele- 
ments, such as Fe, Co and Ni are determined by the 3d 
valence electrons, which can be investigated by L-edge 
XAS measurements (transition from the 2p shell to the 
3d shell). Fig. [7] shows the L2,3 XAS of Fe, Co and Ni 
in the two samples, measured in TEY mode. The spec- 
tra of pure metals and some oxides are also shown for 
comparison. The metal spectra mainly show two broad 
peaks, reflecting the width of the empty d-bands, while 
the oxide spectra exhibit a considerable fine structure of 
the d-bands, the so-called multiplet structure. By com- 
parison with corresponding XAS of pure metals, one can 
qualitatively conclude that metallic Fe, Co and Ni are 
not present in the samples. In Fig. [7]ja) one can see 
the multiplet structure of Fe L2,3 XAS. The most no- 
ticeable feature is the rather pronounced peak at the low 
energy part of the L3 edge. This is a common feature for 
ferrite materials'^'^. Multiplet calculations for FeO and 
a-Fe203 reveal that the shoulders at 705.5 cV and 718.5 
eV [indicated by the vertical arrows in the Fig. |7][a)] 
are associated with Fe^+ ions^**. Note that these features 
disappear in the spectrum of Fe203. Following these ar- 
guments, the Fe ions in our samples are mainly Fe^+ ions. 

The C0-L3 edge [Fig. [7|b)] is composed of a fine struc- 
ture with four features, a small peak at 775.5 eV, the 
total maximum in absorption at 777 eV, followed by a 
shoulder at 778 eV and a further satellite at 780 eV. 
Since in this sample the Co is in pure Co^"*" configura- 
tion, we can compare the spectrum with reference com- 
pounds namely CoO (spectrum taken from Ref. I35p and 
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Zno.75Coo.25O (spectrum taken from Ref. Co^"*" ions 
are at octahedral sites and at tetrahedral sites in CoO 
and Zno.75Coo.25O, respectively. From the comparison 
of the overall shape and satellite structure our spectrum 
is more similar to that of CoO, and also similar to the 
XAS of CoFe204 presented in Ref. |37l We can conclude 
that the major part of Co^"*" ions are at octahedral sites. 
In order to confirm this conclusion, we performed simu- 
lations of the local electronic structure around the Co^"*" 
ions by means of full mu ltiplet calculations using the TT- 
MULTIPLETS progranPMSl. The energy levels of the 
initial {2p^3(f) and final absorption state {2p^3(P) are 
calculated by means of the corresponding Slater integrals 
which are subsequently reduced to 80% (corresponds to 
their atomic values). Then a tetrahedral or octahedral 
crystal field was considered using a crystal field parame- 



ter of 10 Do 



-1 eV and 10 D„ 



-1 eV, respectively. 



Finally the calculated spectra were broadened with the 
experimental resolution for comparison. As displayed in 
Figure [8j one can see that the measured spectrum reason- 
ably reproduces the features in the simulated octahedral 
coordination. 

Fig. |7|c) shows the comparison of Ni L2^3 with that 
in NiFe20j^. In the paper of Van der Laan et al^, 
the spectrum can be well simulated by considering Ni in 
an octahedral crystal-field coordination, i.e. Ni ions are 
fully at octahedral sites. However, the difference between 
the two spectra is quite clear, especially at the L2-edge. 
It could be due to the fact that Ni ions are partially 
located at tetrahedral sites. 

The XAS spectra (Fig. |9]) were also recorded at the 
O K-edge and Zn L-edge to prove the formation of fer- 
rites and to check if Zn ions are significantly incorporated 
into ferrites. All shown spectra were measured in TEY 
mode, which is more sensitive to the near surface-region 
where the ferrite nanocrystals were formed. For the O K- 
edge, the difference between the NiFe204, CoFe204 and 
ZnO is very clearly observed, which confirms the coor- 
dination change of O ions. Actually the spectra in Fig. 
9 a) are very similar to those of Fe203 and FeaOj^. Fig. 
9 h) shows the comparison of the Zn L-edge spectra be- 
tween ZnO embedded with NiFe204, CoFe204 nanocrys- 
tals, and pure ZnO. The only difference is that the fine 
structure in the spectrum of ZnO is better resolved. This 
could be due to the lattice damage in ZnO by ion im- 
plantation. No significant amount of Zn has been incor- 
porated into ferrites. 



2. XMCD 

Correspondingly, XAS recorded at 23 K in TEY (total 
electron yield) mode at the Fe, Co and Ni absorption edge 
revealed a pronounced dichroic behavior under magneti- 
zation reversal. XMCD is a difference spectrum of two 
XA spectra, one taken with left circularly polarized light, 
and the other with right circularly polarized light. 

The XMCD signal at the Fe Lg-edge XMCD for the 
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FIG. 7: XAS of NiFe204and CoFe204 along with reference 
spectra from pure metal and oxides at the (a) Fe L2,3-edge, 
(b) Co L2,3-edge and (c) Ni L2,3-edge. The reference spectra 
are taken from published papers: Fe20^, FeaOj^l, CoCP, 
ZnCoCP, NiFe204^- and CoFeaOj^^. 
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two samples is shown in Fig. 

literature^, peak A is attributed to Fe^+ at octahedral 
sites, while peaks B and C are due to Fe^+ at tetrahe- 
dral and octahedral sites, respectively. By comparing the 
relative height of peak A, B and C, we can draw some 
qualitative conclusions on the cation site distribution in 
NiFe204 and CoFe204 nanocrystals. Firstly, there are 
still some Fe^^ ions remaining, even if the ratio of im- 
planted Ni(or Co) to Fe is exactly 1:2. This could be 
due to the fact that Ni(or Co) and Fe ions are not fully 
chemically reacted at the given annealing condition. Rel- 
atively, there are more Fe^"*" ions at octahedral sites in 
CoFe204 than in NiFe204. Secondly, part of Fe'^+ ions 
are at tetrahedral sites in NiFe204, while in CoFe204 the 
Fe'^"'" ions are mainly located at octahedral sites. Bulk 
NiFe204 and CoFe204 are inverse spinels. The Ni^+ and 
Co^+ ions are at octahedral sites, while half of the Fe'^+ 
ions are at octahedral sites, and the other half are at 
tetrahedral sites. With this ordering, the moments of 
Fe ions at octahedral and tetrahedral sites cancel out, 
which results in a saturation magnetization of 2^b per 



NiFe204 formula uniiP^, and 3/is per CoFe204 formula 
However, in low dimensional spinels the cation 



unit 



45 



distribution is often different from bulk material d'^^ l ^^l 
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FIG. 8: The Co L2,3-edge XAS spectrum of CoFe2 04 along 
with theoretical calculations for a tetrahedral (10 — -1 eV) 
and an octahedral (10 = +1 eV) coordination of Co ions.. 
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FIG. 9: The XA spectra of total electron yield (TEY) at the 
(a) O K-edge, and (b) Zn L-edge. 



For the case of NiFe204, if all Ni^+ replace the Fe''+ at 
tetrahedral sites, resulting in a normal spinel structure, 
the total magnetic moment can increase up to Afig per 
NiFe204 formula. Therefore, the larger magnetic mo- 
ment in our NiFe204 nanocrystals as shown in Fig. [4] 
is probably due to a small amount of Ni^+ replacing the 
Fe^"*" at tetrahedral sites. This cation distribution picture 
is in agreement with XAS analysis. However, as discussed 
in section |IIIB| one needs a precise local concentration 
measurement to verify the ratio Fe : Ni = 2:1. Figs. 
10 ^c) and (d) show the XMCD signal at the L2^3 edge 
Tot Ni and Co, respectively. They are com parab le with 
corresponding ferrites reported in literatur j^Hiol, Note 
the fact that the relative strength of the XMCD signal 
of CoFe204 is much weaker than that of NiFe204. This 
is due to their different coercivity fields. Due to the fa- 
cility capability, a maximum field of 2000 Oe was ap- 
plied during XAS measurements. The saturation field of 
CoFe204 is much larger than that of NiFe204 (see Fig. 
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FIG. 10: XMCD at Fe, Ni and Co L2,3 absorption edge. 
NiFe2 04: (a) and (c). CoFe2 04: (b) and (d). Peak labels 
at Fe La-edge: A for Fe^^ at octahedral sites, B for Fe'^'*' at 
tetrahedral sites and C for Fe^""" at octahedral sitej^. 



3. CEMS 

CEMS allows one to identify different site occupations, 
charge and magnetic states of ^^Fe. Fig. 11 shows the 



CEM spectra taken at room temperature for two sam- 
ples, containing NiFe204 and CoFe204 nanocrystals, re- 
spectively. The two samples exhibit similar spectra. Us- 
ing a least-squares computer program, the spectra can 
be fitted well by three components. Two sets of sex- 
tet hyperfine pattern and one doublet are resolved, all 
of which are related to Fe'^^. The hyperfine parame- 
ters calculated according to the evaluations of the spectra 
are given in Table |l] The outer sextet (SI) with a larger 
magnetic hyperfine field corresponds to octahedral sites, 
while the inner one (S2) with a smaller magnetic hyper- 
fine field to Fe3+ at tetrahedral sites'*^ This 
feature of two sextets is a fingerprint that identifies fer- 
rites. The relative line intensities of the sextets differ 
from those of a polycrystalline powder material indicat- 
ing the presence of a texture. Note that the magnetic 
hyperfine field is considerably smaller than t he va lues of 
around 50 T for typical NiFe204 or CoFe20zF'^, which 
results from the size effeclPSI. The doublet (D) is a more 
questionable component. Most probably it corresponds 
to smaller ferrite nanocrystals, which are superparam- 
agnetic at room temperature. However, its isomer shift 
and electric quadrupole splitting values are considerably 
larger than the values reported in Ref. [51] 

The cation distribution between the two sublattices 
generally determines the magnetic properties of the 
spinel system and can be calculated as a ratio between 
the relative areas of the respective hyperfine field distri- 
butions. As shown in Table |l] there are more Fe'^"'" ions 
at octahedral sites for both samples. That means that 
the NiFe204 and CoFe204 nanocrystals are not purely 



8 




=4 TT 
VELOCITY (pnn/s) 

FIG. 11: Room temperature GEMS of NiFe204/ZnO and 
GoFe204/ZnO composites. The notations for the fitting hnes 
are given as D (doublet) and SI, S2 (sextet). 



perature. Note that the resistivity of both samples is be- 
low 0.1 f2cm at room temperature assuming a thickness 
of 80 nm, which is three orders of magnitude smaller than 
that of bulk ferrites or ZnO*^. The resistance/resistivity 
of composites of CoFe204 and ZnO is one order smaller 
than that of NiFe204 and ZnO. The amount of n-type 
defects in ZnO created by means of implantation and an- 
nealing is expected to be similar. Therefore, the larger 
conductivity in the composite of CoFe204 and ZnO is 
due to the mixing of Fe^+ and Fe'^"'" ions at octahedral 
site^. The temperature dependence of the resistance is 
more or less the same for both samples. Two different 
regimes are found. One is the high temperature part 
(above 150 K), where the resistance slightly decreases 
with decreasing temperature. This is a hint of metallic 
character. However, the electron concentration (around 
assuming a thickness of 80 nm) as shown 



-,18 



in Fig 
cm 



12 



b) is far below the critical value (4 x 10^^ 
^) of the metal-insulator transition in n-ZnC^'^. In 
Refs. I2I44I a metallic electrical conductivity has been ob- 
tained in ultrathin NiFe204 films, which is attributed to 
an anomalous distribution of the Fe and Ni cations among 
tetrahedral and octahedral sites. Therefore, we attribute 
the metallic character in our samples to the presence of 
NiFe204 (or CoFe204) nanocrystals. The second regime 
is in the temperature range below 150 K. In this regime, 
the samples show a semiconducting conductivity. The 
thermal activation energy Ea of free carriers can be de- 
termined according to the following equation: 



inverted ferrites and Ni or Co ions partially occupy tetra- 
hedral sites, which is in good agreement with the results 
of XAS. 



D. Magneto-transport properties 

Note that both bulk NiFe204 and CoFe204 are in- 
sulators with resistivity of 10^- 10"^ ficm at room 
temperatur^^. The resistivity of NiFe204 single crystals 
monotonically increases with decreasing temperatur^^. 
However, the corresponding thin film materials can be 
rather conductiv^. In ref. [21 the authors show that 
the NiFe204 films grown in pure Ar atmosphere have a 
room temperature resistivity three orders-of-magnitude 
smaller (p around 100 mf2cm). The temperature de- 
pendence /c(T) is similar to that of magnetite. On the 
other hand, ZnO single crystals grown by the hydrother- 
mal method show a high bulk and surface resistivity, 
with the bulk conduction dominated by a deep donoi|S21 
Typically, the free charge carrier concentration amounts 
to 1 X 10" cm-3 and the mobihty to 200 cm^V^^s^i 



RsO, 



(5) 



(Ref. [53]). We measured the temperature dependence of 
the sheet resistance of the composites of NiFe204 and 
CoFe204 nanocrystals and ZnO from 20 or 40 to 290 K. 
Fig. 12 'a) shows the Arrhenius plot, the sheet resistance 



where kg is the Boltzmann constant and RgQ a temper- 
ature independent contribution to the resistivity. In Fig. 
12 ^a) the solid lines show the fitting, resulting in a ther- 
mal activation energy of ~28 meV for both samples. A 
similar thermal activation energy of 21 meV has been 
found in hydrothermally grown ZnO single crystals af- 
ter high-temperature annealin^^. At low temperatures 
the impurities freeze out. In Ref. [SU the authors show 
that in their measured temperature range from around 
77 K to room temperature the NiFe204 single crystals 
exhibit semiconducting conductivity, and the activation 
energy is around 60 meV. Fig. 12 h) displays the temper- 
ature dependent carrier concentration and Hall mobility. 
The sheet electron concentration increases with temper- 
ature and reaches to 4.8x10^"^ cm^^. Its temperature 
dependence can be well fitted by the function e"^"/'^^^. 
Fig. [l2jb) also shows the temperature-dependent mobil- 
ity. The electron mobility /x reaches a maximum of above 
900 cm^/Vs at 65 K. Actually such large electron mobil- 
ity and concentration were also observed in ion implanted 
ZnC?^ and in virgin ZnO annealed in N2'^. 

We also measured the magnetic field dependent resis- 
tance (MR) for the composites of NiFe204 (CoFe204) 
nanocrystal and ZnO as shown in Fig. [13] MR is defined 
as 



Rs on a logarithmic scale as a function of reciprocal tem- 



MR^ {R[H] - R[0])/R[0]. 



(6) 
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TABLE I: Hyperfine parameters measured using CEMS for the two samples. The percentage of occupancies of tetrahedral- 
and octahedral-sites by Fe^"'" ions. Bhf- hyperfine field, A: relative area of each component, S: isomer shift, A: quadrupole 
spliting. 
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FIG. 12: (a) The temperature dependent sheet resistance (the 
solid lines show the linear fitting in the temperature range of 
60-100 K), and (b) free carrier concentration and mobility 
of the composites of NiFe2 04 or CoFe204 nanocrystals and 
ZnO. The solid line is a fitting of carrier concentration by the 
function e"^°/''BT. 



The two samples exhibit a similar MR behavior. Only 
positive MR has been observed, and MR decreases 
quickly from around 16%(6 T) at 20 or 40 K to 0.2% 
(6 T) at 290 K. The overall shape of the field depen- 
dent MR is quadratic, and shows no sign of saturation. 
We attribute it to ordinary MR effect resulting from the 
curving of the electron trajectory due to Lorenz force in a 
magnetic field. The characteristic quantity is the Landau 
orbit, Lh = {eH/hc)~^/^ , which is temperature indepen- 
dent. Another parameter is the dephasing length Lxh 
of electrons, the diffusing distance between two elastic 
scattering events, which decreases with increasing tem- 
perature. When the dephasing length is much smaller 
than the Landau orbit, Lxh^ / Lh^<S^1, the magnetoresis- 
tance is quadratic and non saturating. Actually the field 
dependent MR can be fitted well as a H'^ dependence 




t2D D 20 

Field (kOe) 

FIG. 13: The field dependent MR of (a) the composites of 
NiFe2 04 nanocrystals and ZnO and (b) the composites of 
CoFe2 04 nanocrystals and ZnO. The solid lines are guides to 
the eye. 



(not shown). That means the dephasing length is very 
small in this sample due to the presence of NiFe204 or 
CoFe204 nanocrystals. In the literature a large posi- 
tive MR up to several hundreds or thousands percent 
has been observed in regularly ordered nanowire^^ or 
nanocolumn^^. A non-saturating positive MR effect is 
expected to be useful for wide-range field sensing. A pos- 
itive MR has also been observed in Co-doped ZnO films, 
and modelled by considering s — d exchang j^^l^^ l Note 
that the MR at 20 K in Fig. [l3] exhibits a small contri- 
bution indicated by the arrows, which saturates at low 
fields. This contribution could be due to s ~ d exchange 
considering that a small amount of Co^"*" or Ni^+ ions 
remains in a diluted state. On the other hand, no neg- 
ative MR has been observed, which often was found in 
the hybrid system of MnAs and GaA^^. 
The Hall resistivity 



RhB + RMfioM 
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FIG. 14: Anomalous Hall voltage vs magnetic field for (a) 
the composites of NiFe2 04 nanocrystals and ZnO and (b) the 
composites of CoFe2 04 nanocrystals and ZnO. 



is known to be a sum of the ordinary and anomalous 
Hall terms, where B is magnetic induction, magnetic 
permeability, M magnetization, Rh the ordinary Hall 
coefficient, and Rm the anomalous Hall coefficient. The 
ordinary and anomalous Hall term is linear in B and M, 
respectively. After subtracting the linear part, the or- 
dinary Hall effect, a clear AHE also has been observed 
in the two samples, as shown in Fig. [14] AHE van- 
ishes at temperatures above 100 K. Obviously the AHE 
curve does not coincide with the magnetization curve as 
shown in Fig. |4] and Fig. |5] It is difficult to correlate 
the observed AHE to NiFe204 or CoFe204 nanocrystals. 
Usually, AHE is not expected or very weak for asemi- 
conductor with embedded magnetic nanoparticle^sUMi jf 
one considers that the shape of the AHE curves mimics 
the M-H curves, the AHE is likely due to some param- 
agnetic contributions or magnetism induced by intrinsic 
defectpl. 



applications as dielectric materiald^SHMTHF]^ Usually, fer- 
rite nanoparticles are formed by mechanical or chemi- 
cal methods. We have demonstrated the formation of 
NiFe204 and CoFe204 nanocrystals inside a ZnO ma- 
trix. Ion beam synthesis has its own obvious advantage 
of allowing lateral patternin^Sl 

(II) NiFe204 and CoFe204 nanoparticles are crystal- 
lographically oriented with respect to the ZnO matrix. 
They show similar structural properties, but different 
magnetic, and transport properties. Considering the rich 
phases of spinel ferrites (TMFe204, TM=Ni, Co, Fe, Mn, 
Cu, Zn), our results demonstrate the possibility to have a 
new magnet/semiconductor hybrid system. This system 
can be tuned over a large variety of magnetic and trans- 
port properties. However, the observed MR and AHE 
are likely not related to the presence of NiFe204 and 
CoFe204 nanocrystals. This could be due to the im- 
perfect interface between nanocrystals and ZnO matrix. 
This problem could be solved by epitaxial growth meth- 
ods, e.g., pulsed laser deposition. A multilayered struc- 
ture of ferrites/ZnO could be grown, and opens a path 
towards semiconducting spintronic devices. 

(III) Our results suggest the possible integration of fer- 
rites with semiconducting ZnO, which would allow the in- 
tegration of microwave with semiconductor devices. The 
combination of ferrites and conventional semiconductors, 
e.g., Si and GaAs, proves to be challenging due to the re- 
quirements of oxygen atmosphere and high temperature 
for ferrite^Sl 
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IV. CONCLUSIONS 

(I) Nano-scaled ferrite materials attract considerable 
research attention due to their cation distribution and 



During the press of this manuscript, we observed that 
an all-oxide ferromagnet/semiconductor (Fe304/ZnO) 
heterostructure has been realized by other groups using 
pulsed laser depositioiP^l. 
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